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Absfrnd - In this report, we demonstrate the 
successful synthesis of vertically-aligned singlewalled carbon 
nanotubes (SWNTs) using plasma-enhanced chemical vapor 
deposition method. According to analysis by transmission 
electron microscopy, it is also found that short-length 
individual SWNTs are grown with one way aligned form. 
Furthermore, the correlation between SWNT growth and 
plasma effects have been also investigated in detail using a 
Langmuir probe and optical emission spectroscopy. 
Index Terms - Carbon, Plasma CVD, Nanotechnology, 
Plasma measurements, Hydrogen. 
1. INTRODUCTION 
Since a discovery of carbon nanotubes (CNTs) [I], 
many of their basic and applied researches have revealed 
the CNT potential abilities for widely application fields, 
and the current progress about multi-walled carbon 
nanotube (MWNT) production tends to enable them to be 
applied to industrial stage. However, when we pay 
attention to SWNT situation, in spite of their high potential 
of electrical and optical characteristics, any of significant 
application bas not been achieved in industrial field so far. 
This critical dilemma is mainly caused by several problems 
at the SWNT production stage, such as tube diameter-, 
alignment-, length-, chirality-control, and low-temperature 
synthesis. As a one of the CNT production methods which 
contribute largely to solve such CNT production problems 
in case of MWNT synthesis, there is a plasma-enhanced 
chemical vapor deposition (PECVD) [2, 31. When we use 
the PECVD, since the carbon source gasses are easily 
decomposed by high energy of plasma, the synthesis 
temperature can be lowered below 200 "C. Furthermore, 
the produced CNTs are well individually-aligned due to the 
high electrical fields in plasma sheath regions. Though all 
of the CNTs produced by PECVD had been limited only to 
MWNTs, we have recently succeeded in the frst time 
SWNT formation using PECVD [4]. Moreover, after OUT 
work, the preferential growth of semiconducting SWNTs 
using PECVD has also been reported by Dai's group [5]. 
These current reports indicate that the PECVD has high 
potential not only for MWNT synthesis but also for the 
SWNT production stage. 
Here we report the successful vertically aligned individual 
SWNT formation, while the vertically aligned individual 
formation bas been well-known as a one of the critical 
benefits of PECVD in case of MWNT synthesis. Not only 
vertical alignment control but also the individual shape 
control is indispensable for the full use of SWNT electrical 
ability. Actually, our results provide an inevitable 
technique for the future tube chirality control stage. 
Moreover, we also investigate the role of plasma for 
SWNT growth using a Langmuir probe and optical 
emission spectroscopy (OES). 
11. EXPERIMENTAL 
Figure 1 describes a radio frequency (RF, 13.56 MHz) 
glow-discharge apparatus consisting of an RF electrode, a 
substrate with a beater, a matching box (M.B.), a blocking 
condenser (B.C.), and magnetic coils. The substrate is set 
underneath the RF electrode. A magnetic field Bz (= 340 
G) is externally applied in order to achieve a 
magnetron-type discharge. A mixture gas of methane 
(CR) and hydrogen @I2) is filled during the discharge. 
During the CNT growth, the substrate temperature is kept 
at 650 "C by the heater. In this report, a zeolite is utilized as 
a catalysts (Fe/Co) support material. Other detailed 
experimental conditions are described elsewhere [4]. Field 
emission scanning electron microscopy (SEM) and field 
emission gun transmission electron microscopy (TEM) 
Figure I .  Experimental set up 
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operated at 200 kV are utilized for the structural 
investigation of SWNTs. Raman scattering spectroscopy 
using AI (488 nm) and He-Ne (632.8 nm) ion lasers are 
also employed for the purpose of collecting information 
about the tube diameter in addition to the result of high 
resolved TEM observation. Typical plasma parameters 
measured by the Langmuir probe are as follows. Electron 
density n. - 10" ~ m - ~ ,  plasma potential 'p. - 20 V, and 
electron temperature T, - 5 eV. 
111. RESULTS AND DISCUSSION 
Figure 2(a) describes a typical SEM image of produced 
CNTs using our PECVD. It is found that the CNTs are 
grown fkom zeolite surface with vertical alignment along 
the electric fields in the plasma sheath region. In order to 
investigate the produced CNT structure more clearly TEM 
and Raman scattering spectroscopy observations are 
performed, and the results are described in Fig. 2@) and 
Fig. 2(c), respectively. The detailed TEM observation 
indicates that though quite a small amount of DWNTs and 
MWNTs which has large metal cap (-100 nm) on the top 
of tube are also exist, almost all of the produced CNTs are 
SWNTs as presented in Fig. 2(b). Furthermore, the result 
of Raman spectroscopy measurement which are performed 
at randomly chosen several points shows that tangential 
seetchmg mode around 1590 cm?, which is different from 
the spectrum of planner graphite, and radial breathing 
mode (RBM) which indicates an increase in SWNT 
diameter, as predicted from the simple relation of w = 
248/d (w. wave number (cm-I), d, individual tube diameter 
(nm)) [6] are clearly observed. According to this relation, 
the peaks at 153 and 161 cm-' are identified to correspond 
to the diameters of 1.6 and 1.5 nm, respectively. These 
values approximately correspond to the TEM observation 
as shown in Fig. 2@). However, a typical DWNT Raman 
signal, splitting RBM which is caused by inner and outer 
tube signal, has not been observed in this measurement. 
These results also indicate that the amount of DWNTs are 
low compared to that of SWNTs. According to these 
results, we can strongly suppose that the SWNTs are 
grown with vertical alignment in our PECVD method. 
More interestingly, some of short-length SWNTs (20-30 
nm) exist with one way aligned individual shape, which are 
often found at the TEM observation (inset of Fig. 20)) .  
Therefore, we conjectured that the more detailed tube 
length control in our PECVD system will make it possible 
to produce a large amount of freestanding individual 
SWNTs in the near future. 
As just described above, detailed SWNT structure 
control is inevitable for the full use of SWNT abilities in a 
wide variety of application fields. In order to overcome this 
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critical problem, an elucidation of SWNT growth 
mechanism is one of the necessary approaches. Motivated 
by this background, we attempt to investigate the plasma 
effects on SWNT growth. At first, the RF power 
dependence is measured in order to determine the critical 
plasma condition for SWNT growth. Figure 3(a) shows 
the results of Raman spectroscopy. It is found that RBM 
can not be observed when an RF power is increased within 
a range below 700 W. On the other hand, RBM are clearly 
observed when the RF power is increased up to more than 
800 W. These results indicate that there are certain 
changes of the plasma condition between 700 W and 800 
W, and they are critical elements for SWNT growth. Then, 
we measure the plasma condition changes depending on 
the RF power in detail. According to the Langmuir probe 
analysis, the plasma density is found to be almost constant 
between 500 W and IOOOW as shown in Fig. 3(b). 
Furthermore, other plasma parameters such as the electron 
temperature, the space potential, and the floating potential 
are also constant in this condition. On the other hand, 
several radical emission intensities such as CH, H,, and 
Hp measured by OES increase drastically as the RF power 
is increased (Fig. 3(b)). Therefore, we can suppose that 
such radical densities might have an important role for 
SWNT growth. Actually, when the H, and Hp intensities 
are normalized by that of CH, an interesting relation has 
been revealed as presented in Fig 3(c). In the region where 
the SWNTs can not grow (under 700 W RF power), both 
of the HJCH and HdCH ratios increase as the RF power 
is increased. On the other hand, when we notice the 
SWNT growth region, the ratio become constant. Though 
a more clear explanation of these effects is under 
investigation, we conjecture that the hydrogen atom wbicb 
is caused by dissociation of the hydrogen or methane 




F d m ~ n o r e ,  short-length i n d i v i u  SWNTs which hrm the one 
way aligned shape are o h  found by the TEM observation. 
The roles of plasma in SWNT growth are also investigated 
by the Langmuir probe and OES. When the RF power 
dependences are compared to those of Raman spectroscopy 
results, it is found that the radical emission intensity ratio 
(H/CH) has a close relation to SWNT growth. 
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